Abstract -Transformer and feeder load balancing in a distribution system reduces the risk of overloads due to load changes.
INTRODUCTION
Primary distribution systems are usually operated in a radial configuration, with each load-point being supplied by one end only one transformer. It is always desirable to operate the system with the loads on the transformers and feeders kept balanced in order to reduce overloading and the possible out-of-service area. Load balancing also helps in optimal utilization of transformers and feeders so that investments for capacity enhancement could be deferred.
In normal operation, load balancing of a distribution system is achieved by reconfiguring the feeders thereby redistributing the loads among feeders and transformers. Some loads can be transferred from heavily loaded feeders/transformers to relatively lightly loaded neighbouring feeders/transformers. In this way, by changing the status of open/closed switches on distribution feeders,the loads on the system get evenly distributed among the various feeders/transformers. Essentially, load balancing is a combinatorial optimization problem involving a decision making regarding the position of all the sectionalizing switches in a distribution system. Usually there are a large number of sectionalizing switches in a typical distribution 95 WM 126-3 PWRS A paper recommended and approved by the IEEE Power System Engineering Committee of the IEEE Power Engineering Society for presentation at the 1995 IEEE/PES Winter Meeting, January 29, to February 2, 1995, New York, NY. Manuscript submitted July 28, 1994; made available for printing January 18, 1995.
system and hence the possible switching options are also extremely large. Hence it is very difficult to obtain an optimal solution to this problem in a short time.
A number of heuristic approaches have been proposed in the past [1-7] to obtain a near optimal solution to the above problem in a short time. A simple search technique for service restoration and load balancing was proposed by Castro et al. [1] considering the data base and implementation requirements given by the operators for on-line distribution automation application. In the method proposed by Aoki et al. [2] , load transfer is carried out initially for a pair of transformers which have the highest and the least load indices (load to capacity ratio).
By appropriate switching operations, the load indices of other transformers are equalised as closely as possible. Load balancing for feeders is also performed in a similar way, through open loop switches. Baran and Wu [3] proposed a method, by which a gradual reduction of system load index is achieved through a search process. A heuristic method for load balancing was proposed by Hsu et al. [4] . The method is applicable to bwh constant as well aswhanging load conditions. Chen and Cho [5] evaluated the optimal switching operations based on the hourly load patterns. The critical switches are identified by investigating the optimal switching patterns. Expert systems have also been used for load balancing [6] [7] . Most of the above approaches consider transformer and feeder load balancing independent of each other.
Loads on any transformer are non-homogenous in nature. That is, a lightly loaded transformer might have some lightly loaded feeders/laterals and some heavily loaded feeders/laterals connected to it. Similarly, a heavily loaded transformer might have some heavily loaded feeders/laterals and some lightly loaded feeders/laterals connected to it.
In any load transfer from a heavily loaded transformer (source transformer) to a lightly loaded transformer (sink transformer), preference should be given to load transfer from a heavily loaded feeder/lateral on the source transformer, to lightly loaded feeder/lateral on the sink transformer.
System operators do not usually consider the loading level of transformers, main feeders and lateral feeders as equally significant. Overloading of a transformer necessitates a switching operation more urgently than the overloading of a main feeder. Likewise, alleviation of overload on a main feeder is more critical than that on a lateral feeder. Load balancing is thus a multiple objective decision making problem and a compromise is required between the number of switching operations and the degree of balancing achieved in the process.
An operator's preference in finding a compromise solution is required in such an environment where different options satisfy the various requirements to varying degrees. Classical approaches do not have a mechanism to incorporate the vague or "fuzzy" preference of the operator in obtaining an optimal solution in the presence of such multiple objectives.
In the proposed method, the degree of satisfaction of various components (such as transformers, feeders and laterals) is considered along with the desirability of minimum switching options in a fuzzy set theoretic framework during the load balancing. The effectiveness of the proposed method for load balancing is demonstrated on a typical distribution system which consists of four transformers, six main feeders, seventy eight sections and a hundred and six sectionalizing switches.
II. FORMULATION OF THE PROBLEM
The following assumptions [4] have been made in this work:
1. All feeder section loads are known. 2. The loads are 3-phase and are balanced. 3. Loads are modelled as constant current sinks.
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NOMENCLATURE:
Rated capacities (in A) of transformer j, feeder i and lateral feeder k respectively.
Loads incident (in A) on transformer j, feeder i and lateral feeder k.
System Load Index which is obtained as the ratio of the total system load and the sum of capacities of the system transformers.
Load indices of transformer j, feeder i and lateral feeder k, given as load on the component divided by the rating of the component.
Ideal load transfer (in A) that would make the transformer load index equal to the system load index, and is given by LOADTQ ~ CAPT(j) * SLI Ideal load transfer (in A) that would make the feeder load index equal to the system load index, and is given by LOADF(i) -CAPF(i) * SLI Amount of load transferred by a switching operation.
Ideal Balanced Distribution System: An ideal balanced distribution system is that system in which every transformer and feeder is loaded to the same extent so that the load indices of all components are identically equal to the system load index.
It widely acknowledged that due to the discrete nature of system loads, an ideally balanced system state can seldom be attained in practice.
Load Balancing: The objective of reconfiguration for load balancing is to identify a proper set of switches that should be closed or opened such that appropriate load transfer among transformers and feeders results in a practical balanced system which is as close to the ideal balanced system as possible.
III. SYSTEM MODELLING IN FUZZY FRAMEWORK
Applicability of fuzzy set theory to different power, system problems is being investigated widely over the past several years. A representative list of published work can be found in [8] [9] [10] [11] [12] [13] .
Optimization in Fuzzy Environment [141:
In fuzzy domain, each objective is associated with a membership function.
The membership function indicates the degree of satisfaction of the objective. In the crisp domain, either the objective is satisfied or it is violated, implying membership values of unity and zero respectively. On the contrary, Fuzzy sets entertain varying degrees of membership function values from zero to unity. Thus fuzzy set theory is an extension of standard set theory [8] .
When there are multiple objectives to be satisfied simultaneously, a compromise has to be made to get the best solution. One solution methodology for multi-objective optimization in fuzzy framework is based on Max-min principle which is described as follow: -For each option considered, the degrees of satisfaction of all the different objectives are evaluated.
-The degree of overall satisfaction for this option is the minimum of all the above degrees of satisfaction.
-The optimal solution for the system is the maximum of all such degrees of satisfaction.
This has been proved by Zimmermann [14] .
In the proposed method for load balancing, the terms DOS(T), DOS(F), DOS(LF) and DOS(ns) indicate the degree of satisfaction for load balancing of Transformer, Feeder, Lateral Feeder and the number of switching operations respectively.
A brief explanation of the above terms will be in order: This implies that one should attempt to transfer the minimum load that would take one of the two transformers to a TLI = SLI. Here, the target for load transfer is 100 A. However, a load transfer of exactly 100 A may not be available for switching. In order to quantify the degree of satisfaction for various switching options, a fuzzy membership function for DOS(T) is formulated as shown in Fig.2 .
A load transfer of / = TLTT is given a membership value of unity. The larger the deviation from the target, the lesser is the degree of satisfaction. For all load transfers greater than twice the TLTT, the membership function is zero, which is completely undesirable. This can be represented as Fig.3 which is a part of a large distribution.
ii) Degree of Satisfaction for Feeder, DOS(F) : Consider
To quantify the degree of satisfaction for switching operations on feeders, a membership function jt DOS <F) IS defined as shown in Fig.4 Here also, as in the case of transformers, a load transfer of / = TLTF(i) is given a degree of satisfaction of unity. The greater the divergence from this target, the lesser is the degree of satisfaction. For / > 2 * TLTF(i), the value is zero. This can be expressed as
/*DOS(F)

= //TLTF(i) = 2-//TLTF(i) for /<TLTF(i) for TLTF(i) < / < TLTF(i)
Consider two points in the search process for the system shown in Fig.3 the details of which are given in Table I . Table I shows that a load transfer of 125 A on fl is more preferable than a load transfer of 100 A on feeder f2, though 100 A is the target load transfer between the two transformers. This is due to the fact that the first case offers more compensation with regard to feeder load balancing. The final loads on the transformers and feeders, for the above options, are indicated in Table II, for the sake  of comparison.   From Table II , it can be seen that the first option allows greater feeder load balancing compared to the second option and hence is preferred.
iii) Degree of Satisfaction for Later Feeders, DOS(LF):
The balancing of lateral feeders is also considered for the following reason: In typical distribution system, each transformer is supported by another source, not only via an open sectionalizing switch on the main feeders, but also by a similar arrangement on the lateral feeders. Usually, the lateral feeders have lesser capacity compared to the main feeders.
For load balancing, the case of lateral feeders is somewhat different from the transformers and main feeders. Since lateral feeders are spread out along each main feeder and their capacities are diverse, it is not appropriate to prescribe a definite 'target for load transfer' for lateral feeders.
Hence, a membership function for degree of satisfaction for lateral feeders is defined as in Fig.5 .
The degree of satisfaction for lateral feeders is equal to unity as long as the lateral load remains less than 50% of its rated capacity ( LFLI(LF) < 0.5 ). From 50% rated capacity to 150 % rated capacity, the membership function value keeps decreasing. More than 150% loading ( LFLI(LF) > 1.5 ) is absolutely undesirable. This is due to the fact that in most utilities, a higher loading is allowed on lateral feeders as compared to the transformers and main feeders. This can be described as It is noted that, in fuzzy set rotation, a high membership valve indicates a desirable situation. For example, the degree of satisfaction for a single switching operation which is a highly desirable situation, is assigned a value equal to unity. A larger number of switching operations is given a lower memebership value [10] . TABLE I. Details of the switching options ( for system in Fig.3 ) to illustrate DOS(F). 
IV. PROPOSED FUZZY-REASONING APPROACH FOR LOAD BALANCING
The proposed fuzzy reasoning algorithm for load balancing is described as follows: It may be noted that the transformer load balancing is not exhaustive since the loop switches remain fixed during the calculation. Hence, if any loop switch is altered during STEP 4, one has to search for the possibility of a greater load balancing.
In the search process of transferring the load between a pair of transformers, the load is gradually shifted from the source transformer to the sink transformer by sequentially opening and closing the appropriate switches untill the desired load balancing has been achieved. If at any juncture, the load transferred '/' exceeds the target load transfer TLT, then further options along this path need not be considered. This is justified due to the fact that when one moves further along the path the amount of load transferred would be increasing, there by decreasing the Degree of Satisfaction of load balancing (refer Fig.2 and Fig.4 ).
V. APPLICATION OF FUZZY REASONING APPROACH
The effectiveness of the proposed fussy reasoning approach is illustrated through an example system shown in Fig.7 [15] . For this system, each transformer has a rating of 1000 A. Feeders f3 and f4 also have a rating of 1000 A while fl, f2, f5 and f6 have a rating of 500 A each. The system load index SLI is 0.408. Load balancing has been performed for this system using the proposed method. The following switching operations are suggested to achieve load balancing: 
TR02 f Table III. 
FlG-7 EXAMPLE SYSTEM
VI DISCUSSION
The solution for the example system was obtained in 50 sees, of CPU time on a PC 286. Aoki et al [2] have used a similar technique on the Hiroshima City System for load balancing. In crisp domain i.e., without incorporating the fuzzy operator's preference. They reported a reasonable CPU time (3.1 -3.6 sees. on a HIT AC M -200H Computer) for obtaining solution in real time. Since the fuzzy-logic based technique does not impose any extra significant computational burden, this technique can also be used in real time Distribution Management Systems (DMS).
VII. CONCLUSIONS
An approach based on fuzzy reasoning has been developed for determining a proper set of switching operations to balance the loads on a distribution system. A characteristic of the fuzzy reasoning approach is that it considers the desirability of a switching option vis-a-vis the components for which load balancing is contemplated. In most of the existing works, the loads of various components are viewed as being equally critical. Whereas, an experienced operator would give a higher preference to balancing of transformer loads, then to feeder loads and lastly to lateral loads. Such an intelligence is incorporated in the proposed fuzzy reasoning approach and is expected to give more realistic options in practice. 
